| INTRODUC TI ON
Cardiovascular diseases (CVD) especially heart attack and stroke are the leading causes of deaths around the world 1 with higher incidence rates in males as compared to females. 2 Around 90% of these deaths are attributed to the conventional cardiovascular risk factors such as ethnicity, gender, chronological age, diabetes, smoking, obesity, hyperlipidemia, and hypertension. [3] [4] [5] [6] [7] [8] However, the traditional risk factors do not explain morphological changes in the blood vessels and elevation of coronary artery diseases especially atherosclerosis in every individual.
9,10
Radiological advancements in medical imaging techniques such as computed tomography, 11 ultrasonography, 12 optical coherence tomography, 13 and magnetic resonance imaging have facilitated the physicians and researchers to visualize the morphology in the blood vessel. 10, 14 Imaging carotid arteries using ultrasonography is a noninvasive, cost-effective, and user-friendly technique that provides a cross-sectional visualization of blood vessels and the atherosclerotic plaque deposited within the vessel wall. 15, 16 Although carotid arteries are the surrogate indicator of coronary atherosclerosis their two important image-based phenotypes such as the thickness of intimamedia layers of the carotid artery, carotid atherosclerotic plaque has been reported to have a direct association with increased risk of stroke and CV events. [17] [18] [19] Thus, a long-term assessment of these phenotypes may add value to the earlier CVD/Stroke risk estimation.
Currently, traditional CVD or stroke risk calculators [20] [21] [22] [23] [24] smoking, diabetes, and body mass index have significant role in the annual progression of both cIMT and total plaque area (TPA) which may further influence subclinical atherosclerosis. [25] [26] [27] [28] Furthermore, cIMT and TPA when combined with traditional CV risk factors can strongly predict the occurrence of coronary heart disease. 29 Thus, it is essential to develop a model that can fuse the carotid image-based phenotype with the traditional risk factors for more accurate CVD and stroke risk assessment.
In this study, a novel nonlinear model has been proposed that can provide 10-year measurements of five carotid image-based phenotypes such as average IMT, maximum IMT, minimum IMT, IMT variability, and TPA. The five baseline carotid phenotypes were first measured using an automated system (AtheroEdge™ by AtheroPoint™, Roseville, CA, USA). This study then tries to model a translational effect of variations in traditional cardiovascular risk factors over the modification of carotid image-based phenotypes to assess 10-year risk. The variation of these traditional risk blood biomarkers is represented by the annual progression rates of cIMT which are then used to predict the 10-year carotid image-based phenotypes. Inter-operator variability analysis was also performed to investigate the stability and reliability of the carotid measurements before and after 10 years. Another aim of this study was to identify the role of carotid phenotypes in the risk stratification of patients into three classes: low-risk, moderate-risk, and high-risk. Such 10-year predictions may be useful to provide a composite risk score which may have a contribution of both traditional CV blood biomarkers and the carotid atherosclerotic image-based phenotypes.
Results: Institute review board (IRB) approved 204 Japanese patients' left/right common carotid artery (407 ultrasound scans) was collected with a mean age of 69 ± 11 years. Age and hemoglobin were reported to have a high influence on the 10-year carotid phenotypes. Mean correlation coefficient (CC) between 10-year carotid image-based phenotype and age was improved by 39.35% in males and 25.38%
in females. The area under the curves for the 10-year measurements of five phenotypes IMT ave10yr , IMT max10yr , IMT min10yr , IMTV 10yr , and TPA 10yr were 0.96, 0.94, 0.90, 1.0, and 1.0. Inter-operator variability between two operators showed significant CC (P < 0.0001).
Conclusions: A nonlinear model was developed and validated by fusing nine conventional CV risk factors with current carotid image-based phenotypes for predicting the 10-year carotid ultrasound image-based phenotypes which may be used risk assessment.
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| PATIENT DEMOG R APHI C S , BA S ELINE CHAR AC TERIS TI C S , AND IMAG E ACQUIS ITION

| Patient demographics and baseline characteristics
| Patient demographics
Ethics approved (Toho University, Japan) 204 patients were recruited for this study, and the written consent was taken from all the participants. Out of total patients, 108 patients had proximal lesion location, 29 had at distal, and 67 had at mid-lesion location in CCA.
| Baseline characteristics
A cohort of 204 patients with Japanese ethnicity was analyzed in this study. Our study had a large proportion of patients (74.50%) with baseline cIMT ≥0.9 mm. Baseline characteristics of these patients indicate the three risk classes: low-risk, moderate-risk, and high-risk, which were segregated using cIMT as a gold standard. [30] [31] [32] We have selected the baseline IMT thresholds of 0.6 mm and 0.9 mm for three risk classes: low-risk, moderate-risk, and high-risk. Using these three risk classes, the baseline characteristics of the patients are expressed in Table 1 . All the parameters are expressed as mean± SD. The baseline mean IMT value for the cohort was 1.18± 0.52 mm, and the mean HbA1c was 6.30± 1.1%. Higher HbA1c values may reflect the prediabetes nature of an overall cohort which may influence the 10-year prediction of carotid biomarkers.
| Ultrasound image acquisition
The carotid ultrasound images were acquired by a sonographer using ultrasound scanner equipped with 7.5 MHz linear array of transducers from Toshiba, Inc., Tokyo, Japan. All the patients were scanned by the same sonographer who had 15 years of experience. While performing image acquisition, all the subjects were examined in the supine position with the head tilted backward. After the carotid arteries were located by transverse scans, the probe was rotated by TA B L E 1 Baseline characteristics of the patients which were risk stratified using baseline cIMT Morphological total plaque area (mTPA) was measured automatically using AtheroEdge™ by capturing the region between the envelopes of LI and MA all along the carotid artery of the US scan. For convenience, we call mTPA as TPA (mm 2 ) in this manuscript. The area is computed by summing all pixels in the far wall region and finally calibrated with the resolution factor. Note that TPA also includes the focal thickening region, [45] [46] [47] [48] which is above the one-millimeter baseline distance between LI and MA borders.
In our study, the two operators manually calibrated all the US scans. Technically, with a slight calibration change, the proposed AtheroEdge™ software remained insensitive to the measurement of the five phenotypes. 49 The automated carotid image phenotype measured by AtheroEdge™ was validated against the gold standard (an expert) and CT. [50] [51] [52] As part of the study, the image phenotypes were tested for reproducibility in our previous studies. 49, 53, 54 AtheroEdge™ system has been studied widely to link the routine cIMT measurements with ankle-brachial index (ABI), 55 where Age mult = w age × age norm and PR IMT is determined using ethnicity, gender, and artery type. The age multiplication factor Age mult determines the overall contribution of age in the change in cIMT and is governed by an age weighting factor w age = Age curr 100 and age normalization index that is the ratio of current age and age after 10 years age norm = Age curr Age 10yr
. In our study, we have considered Japanese ethnicity and CCA as an artery type. Hence, the value of PR IMT for male gender was selected as 0.03 mm. Value of PR IMT for female gender is 33.33% lower than that for male gender.
28
However, our model can be useful for varying ethnicities and artery types, if the corresponding cIMT progression rates for CCA and male gender are known. We have surveyed and modeled eight different types of ethnicities and three artery types.
25,59-62
The HbA1c adjustment for cIMT is governed by the third term (ΔIMT A1c ) in the 10-year measurement equation which is given as,
. w A1c is a contributing factor for variation in cIMT due change in HbA1c levels. An annual progression rate of HbA1c (percentage/year) has been indicated in multiple studies with large degree of variation. [63] [64] [65] [66] All these progression rates were tried in the nonlinear model, and the overall variation in cIMT was observed in five decimal points in ten years. We have selected a nominal and definite value of 0.5% of current HbA1c (w A1c = 0.005
) for modeling the effect of HbA1c on 10-year cIMT which has also been projected by Lind et al in 10-year follow-up study with patients suffering with type 2 diabetes. 65 Similarly, cIMT adjustment due to BMI is governed by the fourth term in the equation which is given by, (w BMI = 0.001) of current BMI was used to compute the 10-year measurement. In our study with Japanese cohort, none of the information about patients BMI has been available; hence, BMI contribution was not included in the 10-year prediction of cIMT.
Variation in cIMT due to LDL-C is modeled using ΔIMT LDL which is given by, ΔIMT LDL = PR IMTperLDL Progression of cIMT due to hypertension is modeled as follows: 
| Nonlinear TPA modeling
The 10-year modeling of TPA follows a similar approach as discussed for 10-year cIMT. However, in order to compute proportionate changes in TPA due to HbA1c and BMI, a multiplication factor of a norm and Age 10yr was used in the corresponding ΔTPA A1c and 
| RE SULTS AND S TATIS TIC AL ANALYS IS
| Current carotid image-based phenotype measurements
Using the AtheroEdge™ system, the mean of values of automated current carotid phenotypes measurements were as follows: IMT ave : 
(C) (D) 
| 10-year carotid image phenotype measurements
In general, a normal percentage difference between current and 10-year predictions should lie between 20 and 25% which has also been verified by the 13-year follow-up study presented by Herder et al
77
The percentage change in IMT ave , IMT max , IMT min , IMTV, and TPA curr for males and females in our study is shown in were computed using a custom developed system using visual studio which was validated using MATLAB 17.0.
| Gender-based CC Analysis for 10-year measurements
A significant correlation between the five carotid phenotypes such as IMT ave , IMT max , IMT min , IMTV, and TPA curr with current age was observed ( Figure 2 ). This trend continued after 10-years and a higher correlation with chronological age was found. CC between carotid phenotypes and age after 10-years was improved (IMT ave10yr vs Age 10yr : 
| Performance evaluation of 10-year measurements
The performance of the proposed model for 10-year measurement values against current phenotypes was also tested using receiver operating characteristics curves. The corresponding performance metrics indicating sensitivity, specificity, positive predictive value, class accuracy, and area under the curve are represented in Table 3 .
The average values of sensitivity, specificity, PPV, class accuracy, 
| Risk stratification using current and 10-year measurements
In this study, risk stratification of patients in three risk classes was performed using both current and 10-year predictions of carotid phe- TA B L E 3 Performance metrics for current vs 10-year measurements for three class risk classes large portion of patients in a high-risk and small portion in a low-risk band. This scenario was also observed after 10-year computations.
However, patients who were classified in the low-risk band were reclassified into moderate-risk class, and patients who were classified in the moderate-risk class were reclassified into a high-risk category remains the same (Appendix S1: The classification of low-risk patient into moderate-risk and moderate-risk patient into high-risk class has been depicted in Figure 5 . As shown in Figure 5 , two patients with identifier 135R and 65R were reclassified by 10-year IMT ave into moderate and high-risk classes, respectively. It has shown that the patient 135R ( Figure 5A,B) was at low risk during current visit which is identified by the IMT ave that is less than 0.6 mm of threshold point. Furthermore, this patient also had low HbA1c value of 5.1%, normal LDL-C level of 98 mg/dL.
The 10-year predicted value of IMT ave10yr has increased to 0.6 mm which falls under moderate-risk category. Similarly, for patient 65R
( Figure 5C,D) , the IMT ave value was 0.72 mm and HbA1c value was 6.9%. After 10 years, the IMT ave10yr was 0.928 mm.
| Variability analysis for current and 10-year measurements
The results for the inter-operator variability between two operators (novice and experienced) have been shown in Table 4 . Two sets of measurements by two operators (at different times) were collected using AtheroEdge™, while validating against the physician's measurement using ImgTracer™. 34, 49 The novice operator is a biomedical engineering operator whereas experienced operator is a physician with five years of experience in carotid ultrasonography (Andrew Michele, MD). We followed the similar protocol for inter-operator variability as discussed by a group led by Suri. 53 The carotid phenotype measurements by operators were carried out in multiple seatings under the same lightning conditions. Inter-operator variability was assessed using 
| Role of traditional risk factors in 10-year measurements
The individual contribution of traditional CV risk factor fused in the 10-year measurements of carotid phenotypes has been shown in The variations in the carotid plaque area have been shown in Table 5 .
| D ISCUSS I ON
Carotid intima-media thickness and total plaque area are the dominant biomarkers that are associated with major cardiovascular or image-based phenotypes were tested against the gold standard (an expert) and CT. 49, 53, 54 The performance of a complete system that measured image-based phenotypes has also been validated in our previous work. [50] [51] [52] 80 In this study, a nonlinear model was developed that considered an independent contribution of ethnicity, gender, artery type, age, HbA1c level, smoking, LDL-C, and hypertension.
Long-term measurement of cIMT and TPA may aid the clinicians in TA B L E 4 Variability analysis between novice and experienced operators the prediction and treatment of severe future events. 77 Multiple studies have been reported that showed the progression of these biomarkers is associated with an elevated risk of stroke or CVD.
6-8,81-
83 Hence, in this study, our aim was to predict the 10-year measurements of carotid image-based phenotypes by fusing the traditional CV risk biomarkers with current image phenotypes.
| Benchmarking
Various 
| Linear vs nonlinear model
Mean carotid phenotypes
Only age contribution
Only HbA1c contribution
Only hypertension contribution
Only smoking contribution
Only LDL contribution was selected for all patients who were regular smokers. 67 A nominal value of 0.5% of HbA1c was selected to model the contribution of hemoglobin in the 10-year measurement. 65 The chronological age contribution is determined by the percentile provided by w age which has been specified in the subsection 3.2.2, labeled as nonlinear IMT modeling. This assumption is true since age contributes to the development of cIMT, with a larger wall thickness with an increase in age.
| Relaxation of the SBP assumption
The status of hypertension was indicated by a dichotomous variable, one or zero, depending upon low SBP or high SBP. In our assumption, if the hypertension status was one, the current SBP value was assumed to be 140 mm Hg. In contrast for a zero status, the SBP value was 120 mm Hg. We took a step to understand the sensitivity of this assumption by relaxing the SBP values in multiples of 10 units of mm Hg for both hypertensive and nonhypertensive cases. Based on the analytical experiment, we observed that for every 10 unit increase in SBP, the 10-year cIMT measure increased by 0.00032 mm. This further confirms our nonlinear modeling of the progression rates.
| Justification on cutoff values for carotid phenotypes
Multiple studies have indicated the variations in cIMT cutoff values that further increase over time, to stratify the patients into low-risk, moderate-risk, and high-risk classes. 30, 31, 96, 97 Based on these studies, a slightly high threshold pair (T1 for separating low-and moderaterisk class and T2 for separating moderate-and high-risk class) for 
| A note on therapeutic implications
Atherosclerosis is an inflammatory disease which allows the blood The use of voglibose reduces the HbA1c by 0.6% which further reduces the cIMT by 0.08 mm/year. 101 Marfella et al indicated the use of metoprolol to control the blood which is associated with regression of cIMT. 102 We believe the use of a different combination of the above-mentioned medications may be used when the 10-year change in cIMT and TPA rises above 20% to 25%. The absolute dosage may be governed by the clinician based on the baseline value of traditional risk factors and the carotid phenotypes.
| Limitations of our study
Even though we have tried to model the equation using the cIMT progression rates available in the literature for eight different types of ethnicities and three types of carotid arteries, further work needs to be done which requires more testing for different ethnicities and other artery types such as a carotid bulb or an internal carotid artery.
All the progression rates were computed using the functional relationships observed in the Bogalusa heart study 28 (which may have a five percent margin of error). Second, since the weight and height information of the Japanese cohort was not available, BMI was not included in the current nonlinear model. However, using the functional relationship provided by Rashid et al 26 and Baroncini et al,
103
change in cIMT due to BMI may be determined considering baseline cIMT as ground truth.
| Applications and future scope
Chronological age of a person is an important factor that modulates the traditional risk factors as well as carotid image-based phenotypes for stroke and cardiovascular events. Thus, in order to predict the risk of the patient, it is essential to observe the variation in risk factors over a long duration of time. This was our main intention behind developing a nonlinear model that can provide 10-year measurements of the carotid biomarkers such as cIMT and TPA using traditional risk factors and baseline blood biomarkers. The current values of the cIMT and TPA were computed using an automated system to avoid the possibility of manual errors in assessment. Using automated values in the prediction of 10-year measurement can provide better risk stratification and hence may be used in the clinical trials to assess various aspects of carotid atherosclerosis. Besides the nine traditional risk factors discussed in our study, other blood biomarkers such as high sensitivity C reactive protein, (hs-CRP), 104 erythrocyte sedimentation rate (ESR), 105, 106 estimated glomerular filtration rate (eGFR), 107, 108 serum uric acid, 109 and fasting blood glucose 110 are also associated with carotid artery disease and its phenotypes. Furthermore, family history of CVD is also associated with an increase in the cIMT. 111 Because of this multiparametric effect of blood biomarkers on cIMT, it will be beneficial to consider their role in the 10-year prediction of carotid phenotypes in future. Although the Japanese patients selected for this study are a relatively moderate to high age group cohort, the proposed nonlinear prediction model can be more effective or beneficial for the low to moderate age group as well. This requires a validation on larger and more diversified cohort.
Furthermore, since this atherosclerotic disease is ethnic-based, 10-year prediction model needs to be tried on other ethnic backgrounds such as Caucasians, Africans, Hispanics, Chinese, and Asian Indians.
Another point to note here is that, in order to validate the proposed nonlinear model, a longitudinal follow-up data are required which is an expensive and time-consuming process. Lastly, 10-year predicted numbers of cIMT and TPA may be useful in computing a composite risk of a patient for CV or stroke event. This will be a novel approach that will have a contribution of traditional CV risk factors as well as automated 10-year carotid image-based biomarkers for the risk stratification of patients.
| CON CLUS ION
The study presented a novel nonlinear model that combined the 
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